Abstract This paper investigates the potential impacts of alternative international climate change scenarios based on different policies and technological circumstances on future emission pathways and abatement costs. It also examines if these hypothetical scenarios could result in significant emission reductions required to control the global temperature from rising to no more than 2.5°C above preindustrial level. Using an integrated assessment model, this paper examines these issues under 12 scenarios derived from four policy perspectives and three technology dimensions. Results show that the no-policy-change baseline scenarios lead to high global average temperatures in the future. To control the temperature efficiently, every global region will be required to undertake considerable abatement efforts. Current country pledges alone, even if fully implemented, cannot control the global temperature in the future to within a comfortable zone. There will still be large gap between the reductions needed to meet the 2.5 degree objective, associated with 550 ppm and the reductions associated with existing abatement efforts. Further stringent policies together with favourable technological conditions may lead to the desired level of temperature control. Participation by only a subset of nations not only makes achieving the temperature goal difficult but also costly. To achieve temperature control efficiently, global coordination and full participation by all regions are necessary and global participation may reduce global abatement costs. It is worth noting that abatement costs vary widely across regions under different policy and technology scenarios.
of factors including population growth, economic growth, technological development and its deployment, and policies. The intersectionality of multiple factors makes it difficult to outline a single pathway of an energy-emissions and mitigation profile of the global economy. Existing economic research has therefore concentrated on analyses of pathways based on varying assumptions around technology, population and economic growth (Weyant et al. 1996; Jaeger and Oppenheimer 2005; UNEP 2010; Baer et al. 2009 ). This paper contributes to the existing literature by investigating the extent to which the commitments made so far by various nations can help mitigate future emissions growth and potentially limit global temperature rise by the turn of the next century. Potential contributions are evaluated for different mitigation technologies such as those resulting in energy efficiency improvements, carbon capture and storage (CCS), increases in nuclear and other renewable energy and policy scenarios. Gaps in emissions abatement from that is required to achieve an atmospheric greenhouse gas (GHG) concentration target of 550 ppm CO2 equivalent (CO2e) as well as regional differences in abatement and abatement costs are also computed for different regions of the world across different policy scenarios.
There have been numerous studies focusing on cost-effective means of reducing emissions (i.g., Fisher et al. 2007 and Clarke et al. 2007 ), short-term and long-term mitigation targets (including the implications of delayed participation), possible energy system requirements for controlling global temperature rise (Green et al. 2007; Clarke et al. 2008; Bosetti et al. 2008; Edmonds et al. 2008; Richels et al. 2008 ) and the probabilistic cost estimates of climate change mitigation (Rogelj et al. 2012) . There is also a vast literature on the role of technologies in addressing climate change (Hoffert et al. 1998 (Hoffert et al. , 2002 Caldeira et al. 2003; Pacala and Socolow 2004; Edmonds et al. 2012 ). This literature stresses that technology can affect emissions pathways and abatement costs greatly, but technology alone cannot achieve stabilization of GHG concentration in the atmosphere and global temperature control; a combination of policy measures and technology is needed. Using Environment Canada's Integrated Assessment Model (EC-IAM), this paper provides a comprehensive analysis of the possible gaps in emissions abatement compared to what is required to reach the global temperature goal given the current commitments made by various countries. It also examines the distribution of abatement costs under different technology dimensions and policy scenarios. A total of 12 scenarios derived from four policy options and three technology dimensions are examined.
The analysis provides results for projected GHG emissions, economic costs of abatement and the resulting global temperature change under each scenario. Simulation results show that the Business-as-Usual (Baseline) scenarios under different technological circumstances are undesirable and unsustainable because they will lead to high average global temperatures. Results also suggest that fragmented policy scenarios as defined later cannot achieve the global mitigation that is needed to control the global temperature to within 2.5°C either. This is mostly due to carbon leakage and large abatement gaps coming from all regions that have or have not made pledges. Only very stringent abatement targets for participating regions under the G8 scenarios, in combination with favourable technology scenarios can prevent global temperature rise to a dangerous level, but at a high cost to some participating regions. Efficient temperature control necessitates full participation by all regions and binding GHG abatement targets. The rest of the paper is organized as follows: Section 2 gives a brief overview of the integrated assessment model used, the basic assumptions and scenario set up. Section 3 discusses simulation results and Section 4 draws general conclusions from this analysis.
Overview of EC-IAM and scenarios
Environment Canada's integrated assessment model (EC-IAM), which is based on the MERGE model (Manne et al. 1995; Manne and Richels 2005) , combines an economic activity based economy-energy-emission sub-model with a climate science based climate sub-model into an integrated assessment model system for climate policy analysis. Modifications specific to EC-IAM include the explicit representation of Canada as a model region with specific extensions to represent oil sands reserves that are central to the evolution of Canada's oil producing sector. It also updates on the Canadian potential electricity generation mix according to announced government and industry plans (Government of Canada 2012; NEB 2011) . A short description of the model along with regional break down, technology and growth assumptions are provided in the Supplementary electronic Appendix.
For this exercise, the 11 regions of the model are grouped into three broad groups. These are the OECD (Group I) consisting of Australia and New Zealand, Canada, Western Europe, Japan and the United States of America; emerging economies (EMRE) or Group II that includes Brazil, India, China and the middle income countries, Group III or the and the rest of the world (ROW) consisting of Russia and low income and/or oil exporting countries.
Key assumptions on long-run growth, population and other economic variables:
(1) Starting with divergent and relatively high rates of growth across regions between 2010 and 2020, growth rates decline gradually and eventually converge to annual an average rate of 1 % in 2100 among regions. The world population will grow to around 9.0 billion in 2050 and stabilized around 9.66 billion in 2100. (2) Autonomous energy efficiency improvement (AEEI) is a major driver of regional and global GHG emissions. The reference annual AEEI in end-use, macro production and passenger transportation are assumed to be 1.7 % for non-OECD regions and 1.0 % for OECD regions, while in the low energy intensity case these are assumed to be 2.6 % and 1.9 % respectively. (3) Given that traditional energy technologies are mature in nature, it is assumed that they will undergo incremental changes while renewable energy, namely wind and solar, will undertake revolutionary change and, as such, the average cost is assumed to be around half in 2050 compared with 2010.
The 12 scenarios set up along various technology and policy dimensions are shown in Table 1 . These scenarios and terms used are in line with that defined by the EMF 27 working group set up for a model comparison exercise. The technologies considered in the model involve: (1) energy efficiency and process improvements, represented by AEEI; (2) Carbon capture and storage (CCS); (3) Nuclear energy; (4) wind and solar; and (5) bio-energy. It is assumed that the intermittent part of wind and solar can form up to 50 % of total electric energy generation in "advanced" status, while in "conservative" status it forms up to 20 %. Similarly bio-fuel capacity in "high" status is assumed to be 50 % higher compared to that in "low" status in every region. Depending upon the status of development and accessibility, three technology scenarios are considered as described in Table 1 . These include: (1) full technologies (FullTech) in which all technologies are available; (2) conventional energy focus (Conv) in which conventional clean energy technologies such as nuclear and CCS are available and implementable, while non-conventional energy, namely wind and solar and bio-energy are "conservative" or "low"; and finally, (3) energy efficiency and renewable energy focus (EERE) in which energy intensity of end use appliances is assumed to be lower than in the reference case, wind and solar are advanced and bioenergy potential is high, however, conventional clean energy is not available. Each of these three technology scenarios are studied under the following four policy dimensions.
(1) Baselines: Baseline scenarios assume no new policy change in any region. They vary in terms of assumed technology status.
(2) 550 ppm: This scenario targets global GHG concentration to be limited to 550 ppm CO2e. In the model, this is set up as total radiative forcing of CO2, CH4, N2O and Fluorinated gases to be limited to 3.8 w/m2, or approximately a temperature level of 2.5°C above the preindustrial level. (3) G8 Scenario: Under this scenario, Group I regions adopt a 80 % reduction target in 2050 relative to 1990 levels, after which they reduce by 2 % annually. Group II regions and Group I regions together reduce 50 % in 2050 relative to 2005 and thereafter they decrease emissions by 2 % annually. Group III regions undertake no reduction policy. (4) Fragmented Policy: Regions undertake abatement as committed to under the Copenhagen pledges until 2020 and Group I or OECD regions further adopt a 50 % emission reduction target in 2050 relative to 2005 emissions levels, after which they reduce emissions by 2 % annually; Group II regions execute their Copenhagen pledges in 2020, after which they decrease their emissions according to the evolution of their average income; Group III regions have no abatement targets.
3 Simulation results
Global and regional GHG emissions
The global and regional emissions (in carbon equivalent terms) for three broad groups (OECD, EMRE and ROW) in various scenarios are shown in Fig. 1 . policy change, there will be large GHG emission increases, especially from the non-OECD regions, which will lead to global temperatures reaching a dangerous level at the end of century. The share of OECD region in global GHG emissions decreases continuously between 2010 and 2100 in the baseline as well as in all policy scenarios. The share of emissions represented by EMRE regions increases between 2010 and 2050 and somewhat stabilizes thereafter, while the emissions share of ROW regions increases continuously in all baseline scenarios during the whole period. This indicates that the global emissions spectrum would shift from OECD to EMRE and then to ROW regions as time moves on. The results discussed above suggest that abatement by non-OECD regions is necessary in order to achieve a meaningful global temperature control.
As required in 550 ppm scenarios, global emissions decrease significantly. Reductions are achieved proportionally more (compared to the baseline emission level) by the OECD followed by the EMRE and the ROW (Table 3) . It should be noted that this result is an outcome of a globally efficient solution where marginal abatement costs across regions are equalized. There are studies suggesting abatement costs are relatively lower in developing countries compared to developed regions (Ghosh et al. 2012) . But in this case, given the large abatement requirements and perhaps also because of lower per capita emissions in developing economies, the OECD needs to cut relatively more under all technology circumstances. In G8 scenarios, global GHG emissions decrease in 2050 compared to 2010, although abatement levels vary somewhat depending on technological circumstances. Between 2050 and 2100, the global emissions level decreases in two technology scenarios (FullTech and EERE) and it increases under the conventional technology scenario. There is also significant emissions leakage to non-participating regions under the full technology and conventional technology focus scenarios. Thus, except in the EERE technology scenario, global GHG emissions will not be controlled as required since emissions in the non-abating regions continue to increase.
In the fragmented policy scenarios, global GHG emissions continue to increase until 2080 (not shown here) under the FullTech and Conv scenarios. Under the EERE scenario, emissions between 2010 and 2050 remain almost unchanged and after that they decrease but not to a level that can achieve the desired temperature goal. There is either emission leakage or little mitigation for the Group III regions. In summary, these results suggest that global emissions could not be controlled without concerted effort by all regions, which in turn implies that the global temperature target might not be achievable by the turn on the century, as discussed later. 
Abatement gaps
Assuming the 550 ppm scenario as the desired destination, the emissions gap for different regions can be estimated under different scenarios. Table 4 reports the gap in emissions for different scenarios as percentage deviation from the corresponding 550 ppm scenario for regions and the world as a whole. In the baselines, OECD regions still have the largest emissions gap followed by the EMRE and finally the ROW regions. Even though the share of emissions represented by the OECD regions becomes smaller over time, OECD regions still need to abate relatively more to achieve efficient temperature control as discussed previously.
In the Fragmented Policy scenarios, every region has an emissions gap. In the more stringent G8 scenarios, even though the OECD and EMRE achieve more abatement than in 550 ppm scenarios, the global emissions abatement gaps are still large except in 2050 in the EERE scenario. The large gap is essentially due to increasing emissions in the non-participating rest of the world regions. It should be noted that under the G8 scenario, abatement by the OECD and EMRE regions are higher than those under 550 optimal scenarios indicating higher welfare cost, as discussed later.
Temperature change
Global temperature continues to increase between 2010 and 2100 in all scenarios. In baseline scenarios, the global temperature can be as high as 3.8°C above the preindustrial level by the end of the century. Besides the 550 ppm scenarios (as is obvious), both technologies and policies can make a difference in controlling the temperature. Any abatement policy can help reduce the temperature increase compared with baselines with the same technologies. For example, results show that while the average global temperature would rise to 3.7°C under FullTech baseline scenario, it would be 3.1°C above the preindustrial level under the same technology circumstances but with Fragmented Policy scenario (Fig. 2) . Similarly, favourable technologies, especially those associated with energy efficiency improvements could slow down the temperature rise further. All Fragmented Policy scenarios lead to average global temperature rise by more than 2.5°C above the preindustrial level. More stringent G8 Scenarios fair better than Fragmented Policy scenarios in terms of temperature control. The only G8 Scenario that achieves the objective of temperature control is under the technology scenario of EERE (Fig. 2) . This again highlights the role of technology. It should be noted however, that the technology scenarios studied here are hypothetical. There are large uncertainties around which path the technology development would follow. Table 5 shows the abatement cost in terms of a percentage consumption change from the baseline in various policy scenarios. 1 Abatement costs vary depending on the technological and policy scenarios. Favourable technologies, especially those that improve energy efficiency, can reduce abatement cost under same policies for all regions. Fragmented policy would lead Deviation from all "550" scenarios are by definition 0 %, here 1 It should be noted that the comparison on the basis on consumption loss may be subjected to bias due to possible distortions resulting from market exchange rate calibration and the influence it has on the value share of energy in various region's production functions.
Abatement cost
to least cost for every region under the same technology but it would fail to control temperature under any circumstances, as shown above. There are significant regional differences in the economic impacts. The 550 ppm policy will cause higher abatement costs for ROW than OECD and EMRE in general, while the G8 or fragmented policy would result in higher costs for EMRE than others. For EMRE regions, abatement costs are the highest under the G8 Scenario in both 2050 and 2100. For OECD regions, abatement costs are highest under G8 Scenario in 2050 and under 550 ppm in 2100. For the ROW regions abatement costs are the highest under the 550 ppm policy case. The abatement costs largely reflect the abatement levels achieved by the respective regions and the feedback effects arising from reductions achieved elsewhere. It is interesting to compare the abatements cost of G8 and 550 ppm policy scenarios. Under same technologies (EERE), as shown below, G8 scenarios at best achieve the same temperature as 550 ppm, but the abatement costs for the global, OECD and EMRE are doubled in 2050 compared to that in 550 ppm scenario. This suggests that this G8 scenario even if able to achieve the temperature goal is not cost efficient and at the same time disproportionately affects the OECD and the EMRE regions. Thus, full participation as envisaged in the 550 scenarios not only helps temperature control but also help reduce global abatement cost. The regional differences in abatement costs explain to a large degree the difficulties encountered in the international negotiations on coordinating national climate change policies. 
Conclusions
This paper examines a combination of possible technological development and policy scenarios to uncover the likely emissions pathways and potential rise in temperature by the turn of the century. It also examines the abatement costs and the emissions abatement gaps between the reductions needed to meet the 2.5 degree objective and the reductions associated with existing abatement efforts. The main findings are summarized as follows.
(1) Baseline scenarios with no abatement policy, even with varying degrees of technological development indicate that global GHG emissions and temperature will continually increase reaching a high level by the turn of the century. The main sources of increased emissions are the non-OECD regions. (2) Technologies, especially improved end-use technology, can lead to less GHG emissions.
However, technology alone cannot control global temperature rise. Emissions abatement policy at a global level is necessary. (3) The proposed Fragmented Policy scenarios for various regions are not enough to control temperature even with improved technological situations considered in this paper. Results suggest that G8 scenarios in which the G8 nations and other emerging nations participate in emissions abatements can make a difference especially under favourable energy efficiency improvement but relatively costly for some participating regions. (4) The stringent partial participation policy such as G8 scenarios fail to achieve or at best achieve the same temperature control as 550 ppm, but incur far larger abatement costs globally. These policies also impose disproportionate burden of abatements on abating regions. For example, the temperature goal same as that under the 550 CO2e is also achievable in a G8 policy scenario with EERE technology assumptions. But the costs of abatement are almost double for the world, and at regional levels for OECD and EMRE in 2050 compared to that under a 550 CO2e cost efficient scenario where all regions participate and marginal cost of abatements are equalized. Cost effective temperature control requires participation by all regions in GHG abatement efforts. Participation by all regions also reduces emissions leakage and could help reduce global emissions abatement costs. (5) Results suggest large differences in abatement cost across regions under different policy and technology scenarios. There are important regional differences in terms of abatement costs not only between OECD and Non-OECD regions but also between emerging economies, oil producing and low income countries. These regional differences in abatement costs partly explain the difficulties encountered in the international negotiations on coordinating national climate change policies. Further research could be undertaken as to how participating regions could induce non-participating regions to join abatement through financial transfer such as enhanced climate finance to achieve full participation in abatement efforts.
Finally, results presented in this paper are based on underlying modeling assumptions, the technology and policy scenarios, the data and the values of parameters used in model calibration. The abatement costs, emissions pathways and any other results in this paper should therefore be viewed as indicative of the directions of changes might take place in the years to come.
